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images at some decimeter level of resolution with large spatial coverage stimulate our curiosity 

to know which specific quality of 3D models can be obtained from both aerial and satellites 

data. Thus, the main purpose of this research is to analyze the geometric quality of DSMs 

products from high spatial resolution satellites stereo- photogrammetry to those from aerial 

stereo-photogrammetry. In addition to that guidelines for carrying the same study in 

mountainous countries like Rwanda were mentioned. 

This report is subdivided into seven chapters; first chapter describes the general introduction 

together with research objectives, chapter two deals with states of the art, third chapter explains 

hypothesis and characteristics of the area of study, fourth chapter cites methodology and 

qualification of used datasets, fifth chapter details and discusses the obtained results, validation 

of hypothesis and how this study can be undertaken in Rwanda, lastly chapter seven concludes 

the research and proposes future improvements. 
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oriented across flight direction and collects data continuously, similarly to pushbroom 

acquisition by satellite sensors (Linder, 2009). With linear array, there are specific effects due 

to platform motion and attitude variation on the acquisition geometry. 

II.3.2. Acquisition techniques by digital aerial cameras 

Linear CCDs sensors use a triplet technique in focal plane with a single sensor head and provide 

forward, nadir and backward viewing (figure 2). In addition, each image line is acquired over 

a unique time and associated with a unique camera position and orientation. On the other hand, 

frame (area) CCDs sensors operate in the same way as film cameras with unique camera station 

per frame. They utilize multiple CCD arrays to generate individual large format image frames 

and (very-)high spatial multispectral images are obtained through image fusion or pan-

sharpening (Coulter and Stow, 2008).  

Due to central perspective geometry, interior geometry, calibration and stereo-model 

formation, a block of overlapping frame imaging products remains similar to that from 

traditional approaches of scanned films. They allow high geometric accuracy because interior 

orientation parameters and central perspective are controlled during calibration. Global 

Positioning System (GPS) / Inertial Measurement Unit (IMU) are optionally used to 

approximate the accuracy of aerial triangulation and reduce the number of required control 

points for block adjustment (Gruber and Leberl, 2007). Moreover, from sensor position and 

attitude angles, iterative adjustment methods can be initiated to solve nonlinear equations (with 

unknowns like sine and cosine angles). The approximation from the first iteration provides 

linearized equations since unknowns tend towards small angular corrections.    

In linear imaging, image strip is a collection of 6 to 7 files each one of 4 colour channels in 

addition to 2 or 3 panchromatic strips for stereo works. Due to the fact that image strips are 

raw images lacking internal photogrammetric accuracy, geometric accuracy is obtained by 

direct geo-referencing of images thanks to the embedded GPS/ IMU data (Gruber and Leberl, 

2007) and / or indirect georeferencing through GCPs. Obviously, the accuracy of image 

geometry depends on that of GPS/IMU measurements and of GCPs. In linear array, each 

element or detector take a line in either panchromatic or spectral bands. For example, Leica 

ADS40 acquires panchromatic and multispectral lines of 12 000 elements.  
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Figure 2: Imaging with ADS40 Camera, linear array of CCDs technology (Kheiri, 2006) 

 

Figure 3: Raw image from ADS40 Camera (left), same rectified image (right) (Tempelmann 
et al., 2000) 

As visible on figure 3, raw images are subjected to errors due to variations in sensor attitudes 

which results in some imperfections like for instance transformation of linear into curved 

features here illustrated.  
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II.4. Satellite imagery 

There exist various systems for remote sensing data collection. They can be grouped into the 

following ones (Ramapriyan, 2001): 

Table 2: Categories of remote sensing data collection  

Type of instrument 
Imagers, sounder, altimeter, radiometer, 

spectrometer 
Measured wavelength visible, near infrared, thermal infra-red, microwaves 

Geometric Mechanism of Platform the 
instrument 

Scanning, frame, push broom, whiskbroom imagers 

Platform Aircraft, spacecraft 
Sensing mechanism Passive, active 

Viewing characteristics Nadir, off-nadir, mono, stereo (bi- and tri-) 
Measured spectral characteristics panchromatic, multispectral, hyperspectral 

Spatial resolution (Very-)high, moderate, low 
Altitude and orbits Sun-synchronous, geosynchronous, geostationary,  

Regarding imaging types and their geometric models of acquisition, satellites sensors are 

specific and various. Pushbroom (examples: MERIS on board Envisat, QuickBird, IKONOS, 

HRS on board SPOT5/, Pleiades) and Whiskbroom sensors (examples: Landsat Thematic 

Mapper, AVHRR, SeaWiFS) have been developed. Compared to Whiskbroom, Pushbroom 

sensors are the most used for satellite photogrammetric purpose (Gupta and Hartley, 1997). 

Both are classified as linear CCD or line based scanner types, and they are able to produce 

imagery in different spectral channels. Not only they are installed on board satellite but they 

can also be designed as airborne systems (example: the pushbroom technology of Leica ADS-

40). 

A pushbroom sensor (or along track scanner) is a digital collector with a linear collection array 

made up of a line of elements (also called detectors), corresponding to the pixels of the acquired 

image. It is placed in the focal plane of the optical system and produces a two-dimensional 

(raster) scene (NGA, 2009) as the sensor moves. Thanks to multiple linear array of detectors 

(examples: 3 000 detectors for SPOT1-3 HRV instrument, 12 000 detectors for SPOT5 HRS 

and 30 000 detectors for Pleiades ), pushbroom captures all pixels of the entire line across track 

at once. 

Whiskbroom sensor (or across track scanner) scans each pixel of one or several lines 

(examples: 6 for Landsat/MSS and 16 for Landsat/TM) oriented across track at a time 
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(Aggarwal, n.d). Whiskbroom uses a rotating mirror to sweep out a scan line from one side of 

the sensor to the other perpendicular to the motion of platform of the sensor (Fowler, 2014). 

 Whiskbroom makes longer acquisition time range between stereopairs (at least 1 day), this 

increases the risks of land cover differences (due to human actions and humidity variation for 

example) and uneven cloud distribution on imagepairs (Poli, 2005). On contrary, acquisition 

time interval for pushbroom stereoviews varies from few minutes to seconds (Poli and 

Caravaggi, 2013). Obviously, time delay produces signature variation which can be harmful to 

automatic matching. 

   

Figure 5: Left: Pushbroom scanning; Right: whiskbroom scanning concept 

(http://www.florianhillen.de/studium/projekt/index.php?id=grundlagen&uid=sensoren) 

II.4.1. Existing very high spatial resolution satellite sensors 

Nowadays, most of commercially available high spatial resolution optical sensors are 

pushbroom sensors. Their altitude is usually between 300 to 850 km along near polar and 

retrograde orbits.Many of them are sun-synchronous orbits for the reason to cover the area at 

almost the same solar daytime (Poli, 2005) inducing constant illumination conditions except 

the seasonal varition for high lattitude. But this effect is easily normalized. 

Table 3 summarizes important characteristics of (very-)high spatial resolution satellite sensors 

for photogrammetric mapping. Along-track and across-track mean respectively, quasi-

simultaneous acquisition and acquisition from different orbits with time delay. 
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II.4.2. Processing levels  

Satellite images recorded by (very-)high spatial resolution sensors are provided to users at 

different processing levels. In general, the latter are classified into following three categories: 

a) Raw products are those close to original images acquired by the sensor (e.g.: level 1A of 

SPOT5/HRS). Their radiometry is normalized and calibrated without any geometric correction 

(Poli and Caravaggi, 2013). According to Spot image (2010) these images are radiometrically 

corrected by normalizing CCD values in order to compensate effects of detector sensitivity 

variation producing vertical stripping in the case of SPOT pushbroom instrumentation and 

horizontal stripping in the case of Landsat/MSS and TM technology. Raw images are provided 

together with their sensor and satellite metadata (internal calibration, attitude and ephemeris) 

either in form of rigorous sensor model or in their approximation form of RPC models to 

guarantee simplicity and full autonomy in photogrammetric image processing tasks (Spot 

image, 2010; Poli and Caravaggi, 2013). 

b) Geo-referenced products (e.g.: SPOT5/HRG 1B level) are compensated for any systematic 

distortions produced by the sensor, the platform, the Earth curvature and rotation (Poli and 

Caravaggi, 2013) and variations in orbital attitude of satellites (Spot image, 2010). Being 

generated from raw images, they inherited their radiometric corrections plus supplementary 

adjustments. 

c) Map orientated products (e.g.: SPOT 2A level) are georeferenced images which were 

orthorectified with respect to the accurate DEM (Digital Elevation Model) and GCPs provided 

by the producer (as default) or by the user (Poli and Caravaggi, 2013). This geometric 

processing eliminates the parallax deformation due to elevation variation when look direction 

is not vertical. It is very significant on high and very-high resolution images. Their metadata 

contains mostly their processing and the datum/map projection characteristics (Poli and 

Caravaggi, 2013). Higher product levels (level 3) exist. They are generally the result of spatio-

temporal aggregation of several images during some specific time periods (e.g.: weekly or 

monthly product of Sea Surface Temperature from NOAA/AVHRR instrument). But they are 

not useful in our application. 

Sometimes, depending on satellite images providers, the general processing levels and their 

specific corrections are not totally similar to the ones described above. This is the case for 

Pleiades 1A /1B images where only two types of products are distributed to the users under 
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Figure 7: Photogrammetric workflow: inputs, processes, output (Vermeer and Ayehu, 2014) 

II.5.2. Photogrammetric restitution from satellite imagery 

In pushbroom design, four different coordinate systems relate image coordinates (column or 

sample and row or line positions) to object (ground or terrain) coordinates: the image 

coordinates system, the sensor coordinates system, the orbital coordinates system and the 

ground coordinates system (figure 8). 

 

Figure 8: Acquisition geometry of pushbroom where (xs, ys, zs ) are sensor coordinate system 
(NGA, 2009). 

Acquisition by pushbroom sensors is time dependent, so, its geometric model is represented in 

the across track direction by planar central perspective and in the along track direction by 
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CHAPTER III. : RESEARCH HYPOTHESIS 

In this chapter, research hypothesis was highlighted and the study area was described together 

with the reason of its choice. 

III.1. Hypothesis 

Since the beginning of photogrammetry, aerial imagery was mostly used in precise topographic 

mapping applications mainly due to its (very-)high ground resolution. With the affordable 

(very-)high resolution satellite imagery that provides larger spatial coverage compared to aerial 

imagery, very large-scale 3D data can also be collected from satellite products. But the question 

that arise is; which is the specific quality of 3D models produced by both aerial and satellites 

data. Thus, we aim to demonstrate that the geometric quality of 3D models from existing (very-

)high spatial resolution satellite imagery is as accurate as the ones produced from aerial digital 

imagery with similar resolution when using currently available open source software. 

In this regard, the hypothesis of the study was that, by using MICMAC software, the geometric 

accuracy of DSM and orthoimage products generated from a stereo-pair of Pleiades images is 

equivalent to those products generated from UltraCam Falcon aerial camera and that their 

structural richness specially to describe the 3D geometry of build-up area is similar.  

III.2. Study area description 

For practical reasons in addition to the only available Pleiades archive stereo-pair on Walloon 

region, this hypothesis was demonstrated in the area of Liège in Belgium. But also, the 

availability of reference datasets of the Walloon geoportal and the closeness of the study area 

to the University for field surveys (GNSS) effectiveness justified practically this choice.  

As explained by Tihon et al., (2005), due to the presence of Meuse, Ourthe and Vesdre valleys 

that cut three geomorphologic domains; the Hesbaye plateau, the Plateau de Herve and the 

Condroz, this area is characterized by a hilly landscape with quite important altitude variations 

(60 to more than 300 m elevation) and steep slopes. Furthermore, landcover is also diversified 

with dense urban to low density peri-urban area, farmlands, pastures and forests. This means 

that the quality of the photogrammetric products generated from aerial and satellite imagery 

was compared in different morphological and landcover contexts. Precisely, the study area is 

located on the western side of Liège city. It includes large parts of districts such as Liège, Saint 

Nicolas, Grâce-Hologne, Seraing, Flémale and small parts of Chaudfontaine, Esneux, Neupré, 
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to produce multispectral bands at spatial resolution of the panchromatic record. Images were 

level 3 (i.e. obtained after 270° rotation of images in clockwise direction). flight direction was 

Eastward with the following image coordinate system (figure 14): 

 

Figure 14: Image coordinates system of level 3 images 

To remove camera imperfections due to lens systems, a number of calibration methods have 

been carried out such as: geometric calibration, radiometric calibration, verification of lens 

quality and sensor adjustment, calibration of defective pixel, shutter calibration, sensor and 

electronic calibration. The details about these calibrations are found in camera calibration 

report in annex A. 
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Table 4: Summary of characteristics of aerial images 

Sun elevation (°) 43 
Radiometric resolution (bits) 32 

Mean flight height (m) 3880 (~3900) 
Average B/H 0.27 

Average Photo scale (m) 39861 
GSD (m) ~0.23* 
Overlap 60%* 
Side-lap 30%* 

Pan sharpened Yes 
Planimetric precision (m) 0.97 

Focal length(mm) 100.5 
Position of PP (mm) X=Y=0.000** 
Precision of PP (mm) ± 0.002** 

Distortion (mm) 0.002** 
MSS bands Red, Green, Bleu, NIR 

* This information is specific to the aerial image acquisition mission performed by 

AERODATA on demand of the geomatics department of Walloon public service to produce 

the mosaic of orthoimages of the country in 2015 (http://geoportail.wallonie.be/walonmap)  

** This information is specific to the camera UltraCam Falcon with serial number S/N UC-

Fp-1-40616106-f100 as read from calibration certificate (See annex A) 

Satellite images dataset 

Pleiades 1A satellite was launched in 16 December 2011 and its twin Pleiades 1B in 2012. Both 

operate as a constellation in the same orbit, phased 180° apart (Airbus Defense and Space, 

2017). For civil users, Pleiades products exist with primary correction at 0.5 m of spatial 

resolution in panchromatic mode which is useful in photogrammetry and 2.8 m for 

multispectral mode (Astrium, 2012). The interests of Pleiades rely not only on its spatially 

accurate products but also to daily worldwide revisit suitable for daily change detection (Airbus 

Defense and Space, 2017). In addition, the ability to provide stereo and tristereo products 

(figure 15) from the same pass of the area improves mapping quality from 3D models for 

mountainous and high-rise building areas. 
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IV.1.2. Primary data 

Photogrammetric processing requires a number of points whose coordinates are known in 

terrestrial coordinates system in order to perform the external bundle orientation or in 

refinement of RPC. Specifically, thanks to GCPs, orientated images can be orthorectified in 

object based coordinate system and 3D models can be produced. 

In order to get accurate measurements, surveyed GCPs were chosen as ground points clearly 

identifiable and localisable without any ambiguity on the images. We also selected points 

evenly distributed and describing the topographical features of the zone. Real Time Kinematic 

(RTK) mode of GNSS positioning was used to measure precise terrestrial coordinates in carrier 

phase measurement by transmitting real time corrections from Wallonia Continuously 

Operating Reference Station (WALCORS base stations) to the Trimble R10 Rover Receiver 

that was used. 

Reconnaissance 

Like in large and short surveying tasks, a well-designed preliminary study of the area is 

necessary in order to understand possible troubles that would be met on the field and to get 

relevant information about the area so that the field survey should be effective and rapid. In 

this regard, an orthophoto with 25 cm GSD of Walloon region of 2015 was used to identify a 

priori positions of ground points to be surveyed as ideal points visible on both Vexcel and 

Pleiades images.  

The processing of multiple strips of aerial images requires GCPs spatially distributed in a 

strong geometric configuration. According to Hexagon Geospatial (2017), GCPs should be 

measured at each first and last corner image in the strip and in a zone common to multiple 

images to ensure perfect configuration as illustrated on figure 22(left). While for accurate 

bundle adjustment in MICMAC, optimal configuration is to have GCPs in each corner and 

centre of the image block (figure 22(right)).  

By following position guideline of figure 22, surveyed points were selected in an overlap zone 

of 3 successive images. For accuracy of point localization in the images, points were selected 

as corners of pedestrian marks across the road or on corners of parking marks or any other 

accessible of such marks highly identifiable and localisable on both aerial and Pleaides images. 

As, it was hard to find such stable points in farmlands and semi-natural areas, the Southern and 

North-Western parts of area of interest lack surveyed points as shown on figure 23. Due to high 
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However, due to the lack of surveyed ground points in North, South and corners of study area 

(as seen on figure 23 and figure 24), we were unable to establish strong GCPs configuration 

specified on figure 22 (right). A detailed description of these surveyed 49 points and additional 

computations are provided in annex C. 

 

Figure 23: Spatial distribution of all surveyed points (GCPs and CPs). The background true 
colour composite is the orthoimage of Wallonia of 2015 accessible on the Walloon Geoportal 

(http://geoportail.wallonie.be/walonmap) 

IV.2. MICMAC workflow 

Below there are details on aerial and Pleiades images processing for DSM production. The 

details on used command lines for aerial and Pleiades photogrammetric processing are 

respectively in annexes D and E. At the end of each processing section, a chart flow summary 

of a set of used tools is given (figure 29 and figure 33). Processing was done on Ubuntu 16.04 

LTS, RAM of 15.6GB, Processor of Intel Core i7-3930KCPU @ 3.20GHZ x 12, 64bits of 

operating system, 2.9TB of disk and Gallium0.4 on NVA8 graphic card. 
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The uncertainty of GNSS measurements were taken into account during bundle adjustment by 

reducing their weights by a certain factor as it is explained in further sections.  

Tie points generation 

In MICMAC, image matching i.e. detection and correspondence of homologous points (tie 

points) is done prior to image orientation (inner or exterior). In other words, tie points define 

the quality of exterior image orientation and the latter determines DSM quality. According to 

Remondino et al. (in preparation, 2013), image matching is the establishment of 

correspondences between the extracted primitives from two or more images. Image matching 

can be established through area based approach or feature based approach. MICMAC uses 

feature based approach by SIFT algorithm precisely SIFT++ which is the C++ version of SIFT. 

SIFT generates Key points (also called feature points) on each image which become Tie points 

only when they are matched to homologous points on one or several other image(s). Further 

explanations on SIFT algorithm is found in Lowe (2004). The use of SIFT in MICMAC is 

detailed in Galland et al. (2016). 

Due to the fact that the algorithm implemented in MICMAC is based on the original SIFT 

which was basically developed on greyscale images, the Key point detection process with 

multispectral images is done on the corresponding greyscale images. The conversion from 

multispectral to greyscale is performed as the mean value of the first three spectral bands (R, 

G, B) during tie point detection process. From the test we did, this generates less tie points than 

those found on the highest contrasted band (R band) which explains the fact that the 

implemented SIFT++ is not fully invariant in terms of contrast as stated by Pierrot-Deseilligny 

(2017). Despite that we chose to adopt the default conversion method of Micmac for tie points 

generation on multispectral images.  

SIFT after storing in a database all possible detected feature points, it globally matches each 

feature point of each image to other images individually to the database by evaluating object, 

position, scale and orientation. Then, the obtained matched candidate points formed clusters, 

however only clusters that contain at least 3 candidate key points are kept. Due to ambiguous 

features or presence of clutter in image, this matching is not accurate thus, further evaluation 

is done by examining in key point database the nearest neighbour of each matching candidate 

in each cluster. The best match is found to be that of minimum euclidean distance for the 

invariant descriptor vector (Lowe, 2004; Aguilera et al., 2012). 
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Image relative orientation 

APERO carries out image orientation and position together with distortion modelling from 

observations. The observations can be tie points, GCPs, rough position of projection centre and 

camera orientation from embedded GPS/IMU.  

Having only tie points as observations from our aerial images, first orientation is required in 

order to fix an arbitrary coordinate system of the stereo-model. In that regard, the user chooses 

the starting image whose position has to be fixed otherwise APERO chooses that image as the 

one with highest amount of tie points from its optimal list of image pairs (M. Pierrot-

Deseilligny, pers.comm., 2017). In our experiment, we used the second option. The second 

image for first orientation was then chosen automatically as the one having multiple tie points 

matching with the tie points of the first image.  

After linearization of the equations, APERO performs least square adjustment and resolve the 

unknowns which are the parameters of the internal calibration, depending to the calibration 

model used, the camera orientations and positions. Then it uses a RanSaC (Random Sampling 

Consensus) algorithm and inertial matrix (computed using tie points), to orient in the arbitrary 

coordinate system all images of the block (Pierrot-Deseilligny and Clery, 2011). Due to the 

reason that MICMAC was designed for terrestrial and aerial photogrammetry, the base 

component along the x-axis (head of the aircraft) of the first image was not designed to be 

equal to one as it is for dependent relative orientation method but to stay random (M. Pierrot-

Deseilligny, pers.comm., 2017).  

From calibration certificate, an xml file of calibration of images were prepared by not taking 

into consideration the presence of distortions as they were less than 2 microns. Having digital 

images taken by digital cameras, internal parameters were already in pixel units so internal 

orientation was not done. From detected tie points and parameters of internal orientation, 

relative orientation of block of images was calculated by Tapas an interface to APERO with 

calibration model Figee. Sparse cloud points and cameras positions were then computed in 

arbitrary system by AperiCloud and visualized by CloudCompare as in figure 26: 
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files so that they can be visualized and analyzed in Geographic Information System (GIS) 

software.  

 

Figure 28: DSM and orthoimage from Vexcel images (snapshot of MICAMC) 

 

Figure 29: Summary of all used tools 
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illustrated (figure 42). Also, few tie points detected in forests (figure 25), cause imprecise dense 

matching. 

 

Figure 41: First profile: Delta Z is the difference in elevation between Vexcel and Pleiades; 
Z_P is the elevation of Pleiades, Z_V the elevation of Vexcel and Delta_Z equals the 

elevation difference (Vexcel minus Pleiades) 

 

Figure 42: From top left to bottom right: DSM difference in meter, Pleiades DSM, Vexcel 
DSM, Pleiades orthoimage and Vexcel orthomosaïc. 

On 2nd profile (figure 43), at arrow 1, Vexcel altitude is greater than Pleiades because, as seen 

on both orthomosaïc and orthoimage on figure 44, Vexcel has a denser leaf canopy than 

Pleiades. On arrow 2, there is aspect of canopy differences due to slope orientation with respect 
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to incident sun rays during Pleiades acquisition, this implies an error in intersection of 

homologous rays of Pleiades and results in overestimation of elevation in that particular area.  

 

Figure 43: 2nd profile: Delta_Z is the difference in elevation between Vexcel and Pleiades 

 

Figure 44:   From top left to bottom right: DSM difference in meter, Pleiades DSM, Vexcel 
DSM, Pleiades orthoimage and Vexcel orthomosaïc. 

3rd profile (figure 45) shows on the areas pointed out by red arrows n° 1, 2, 3, 4, 6 and 7), the 

overestimation of Pleiades altitude while the zone pointed out by red arrow 5 shows higher 

Vexcel altitude in forest. By analysing DSM surfaces aspect and the orthomosaïc and in those 

zones, we clearly notice that Pleiades and Vexcel behave differently in decidous forest 
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according to canopy differences. So, this confirms the findings on previous profiles and shows 

how dense matching is sensible to canopy cover. As already mentionned, a small difference is 

detected around urban structures like it is the case at the beginning of this profile (figure 45). 

 

Figure 45: 3rd profile: Delta_Z is the difference in elevation between Vexcel and Pleiades 

 

Figure 46: From top left to bottom right: DSM difference in meter, Pleiades DSM, Vexcel 
DSM, Pleiades orthoimage, Vexcel orthomosaïc. 












































































































































































